Cationic antimicrobial agents may prevent device-associated infections caused by Staphylococcus epidermidis and Staphylococcus aureus. This study reports that the cationic antimicrobial polymer poly(2-(dimethylamino ethyl)methacrylate) (pDMAEMA) was more effective at antagonizing growth of clinical isolates of S. epidermidis than of S. aureus. Importantly, mature S. epidermidis biofilms were significantly inactivated by pDMAEMA. The S. aureus isolates tested were generally more hydrophobic than the S. epidermidis isolates and had a less negative charge, although a number of individual S. aureus and S. epidermidis clinical isolates had similar surface hydrophobicity and charge values. Fluorescence spectroscopy and flow cytometry revealed that fluorescently labelled pDMAEMA interacted strongly with S. epidermidis compared with S. aureus. S. aureus DdltA and DmprF mutants were less hydrophobic and therefore more susceptible to pDMAEMA than wild-type S. aureus. Although the different susceptibility of S. epidermidis and S. aureus isolates to pDMAEMA is complex, influenced in part by surface hydrophobicity and charge, these findings nevertheless reveal the potential of pDMAEMA to treat S. epidermidis infections.
INTRODUCTION
Staphylococcus aureus and Staphylococcus epidermidis are leading causes of nosocomial infections (National Nosocomial Infections Surveillance System, 2004) . They are especially prevalent in infections associated with indwelling catheters (Qu et al., 2009) . Catheter-related bacteraemia caused by these pathogens is a particular concern for haemodialysis patients, and there is clinical trial evidence that the use of catheter lock solutions containing either citrate or antibiotics can reduce infection and the resulting morbidity (Bleyer, 2007) . Whilst S. epidermidis tends to be less invasive than S. aureus, it still causes a high frequency of difficult-to-treat infections (Otto, 2009) . Bacterial resistance to antimicrobial agents occurs in numerous ways, including induction of permeability glycoprotein and degrading or competing enzymes, as well as induced expression of different proteins in bacterial cell walls that may inhibit binding (Jensen & Lyon, 2009) . For example, staphylococcal species are able to adapt teichoic acids and phosphatidylglycerol in their cell wall and membrane, thereby changing the characteristics of the cell envelope to alter susceptibility (Kohler et al., 2009; Peschel et al., 1999 Peschel et al., , 2001 ). In addition, biofilm formation confers increased resistance to antimicrobial agents due to slow growth (Evans et al., 1994; Roberts & Stewart, 2004) , induction of stress-response genes (Adams & McLean, 1999) , exclusion of antimicrobials due to the physical and/or chemical structure of the exopolysaccharide matrix (Lewis, 2001 ) and increased presence of persister cells (Lewis, 2001 Cationic agents have the potential for prevention of infections associated with indwelling medical devices (Lowe et al., 2000; Yang et al., 2007) . Poly(2-(dimethylamino ethyl)methacrylate) (pDMAEMA) is a mucoadhesive antimicrobial polymer that is cationic when dissolved in acidified media or if quaternized with alkylating agents (Bütün et al., 2001; Limer et al., 2006) . It can be produced cheaply and at high yield and purity by atom transfer radical polymerization (Haddleton et al., 1999) . We reported recently that pDMAEMA has bacteriostatic antimicrobial activity against a range of Gram-negative and Gram-positive bacteria (Rawlinson et al., 2010b) . In addition, quaternized pDMAEMA grafted on silicon nanowires reduced Eshcerichia coli adhesion and cell numbers (Wang et al., 2011) and it is well known that monomeric DMAEMA reduces the binding of staphylococci to polyvinyl chloride catheters (Yousefi Rad et al., 1998) .
Here, we report that S. epidermidis was significantly more susceptible than S. aureus to pDMAEMA. The main focus of our investigation was thus to explore whether the interaction of the cationic, amphiphilic polymer pDMAEMA with S. aureus and S. epiderimidis was influenced by charge and hydrophobicity of the bacteria. Zeta potential and bacterial adherence to hydrocarbons (BATH) hydrophobicity measurements were used to investigate the possible relationship between bacterial surface charge or hydrophobicity and susceptibility, whilst fluorescence spectroscopy and flow cytometry were used to measure polymer binding to the bacteria. Based on the results of a screen of numerous strains of each bacterium and of mutant strains of S. aureus, we were able to assess further the potential of pDMAEMA as a catheter lock solution or as an antibacterial coating for implanted medical devices.
METHODS
Strains and materials. Wild-type S. aureus Sa113 and mutant strains DdltA and DmprF (Peschel et al., 1999 (Peschel et al., , 2001 ) were a gift from Professor Andreas Peschel (University of Tübingen, Germany). Meticillin-resistance status and references for all strains used are described in Table 1 . All general chemicals and reagents used were of analytical grade and were obtained from Sigma-Aldrich unless stated otherwise. Synthesis of pDMAEMA analogues. Unconjugated and fluorescent hostasol-conjugated pDMAEMA analogues were produced by transfer radical polymerization according to our previously described methods (Limer et al., 2006; Rawlinson et al., 2010b) . The molecular mass and polydispersity index of unconjugated linear pDMAEMA were 12.8 kDa and 1.16, respectively. For hostasol-conjugated pDMAEMA, these values were 10.7 kDa and 1.13, respectively. Hostasol had a molecular mass of 389 Da and therefore comprised a small proportion of the overall conjugate molecular mass.
Diffusion-susceptibility testing of pDMAEMA against bacteria.
Overnight cultures (100 ml) of bacteria were spread on brain-heart infusion medium (BHI) agar plates and allowed to dry for 10 min. Four 6 mm wells were excised from each plate and 100-200 ml PBS or 5, 20 or 80 mg pDMAEMA ml 21 in PBS was added to each well (Holder & Boyce, 1994) . The agar depth was 3-5 mm. These concentrations of pDMAEMA were chosen because they show a concentration-dependent bacteriostatic effect against S. epidermidis. Very high concentrations were used to see whether any response could be observed in S. aureus. Plates were incubated at 37 uC for 24 h and zones of inhibition around the wells were measured using a ruler.
MICs. The method of MIC calculation for aerobic bacteria was adapted from the microdilution broth dilution procedure outlined in the Clinical and Laboratory Standards Institute protocol (CLSI, 2006) . Bacterial cells were seeded in microtitre plates at approximately 5610 5 c.f.u. ml 21 in cation-adjusted Mueller-Hinton broth at pH 7.5. Cells were incubated with varying concentrations of pDMAEMA in fresh medium for 24 h at 37 uC. Quantitative cell growth was determined visually.
Effect of pDMAEMA on biofilms of S. aureus and S.
epidermidis. Overnight cultures of S. epidermidis 1457 and S. aureus RN4220 were diluted to 5610 6 c.f.u. ml 21 in BHI. The diluted cultures were used to inoculate flat-bottomed tissue culture-treated 96-well microtitre plates at a ratio of 10 ml culture to 90 ml BHI. The plate was wrapped in Parafilm to stop evaporation and incubated for 24 h at 37 uC. After incubation, biofilm growth was visually verified and supernatants containing unattached bacterial cells were removed and replaced with fresh BHI, with or without unconjugated pDMAEMA. The plate was rewrapped in Parafilm and incubated for 24 h at 37 uC. Alamar Blue solution (10 ml of 16; BioSource) was then added to the wells (Pettit et al., 2005) . The plate was gently shaken, incubated for 1 h at 37 uC and gently shaken again. In healthy cells, Alamar Blue is chemically reduced by FADH 2 , NADP and NADPH (Pettit et al., 2005) . Cell death and inhibition of growth result in an oxidizing environment where the Alamar Blue is not reduced. Alamar Blue fluorescence was measured at an excitation wavelength of 530 nm and emission wavelength of 590 nm on a fluorescence microplate spectrophotometer (Spectra Max Gemini; Molecular Devices).
Zeta potential determination of S. aureus and S. epidermidis strains. Overnight cultures of bacteria were washed three times in 0.5 mM sodium phosphate buffer (pH 7.5) and adjusted to an OD 600 of 0.4 in buffer. Bacterial zeta potentials were determined using a Malvern Zetasizer Nano ZS (Malvern Instruments). Zeta potentials were calculated from the electrophoretic mobility by Smoluchowski's equation at 25 uC, with five repeats per sample (Heimenz, 1986; Kinnari et al., 2009) . The dielectric constant of the dispersant was set at 78.54. Viscosity was set at 0.6864 cP and the refractive index at 1.333.
Determination of bacterial cell-surface hydrophobicity: BATH.
The BATH technique is based on relative partitioning of bacteria between aqueous and organic phases (van der Mei et al., 1988).
Bacterial isolates were grown to early stationary phase in 5 ml BHI and harvested by centrifugation for 10 min (3000 g). Pellets were washed once with 10 ml PBS and adjusted to an OD 600 of 0.4 in PBS. Bacterial suspension (4.8 ml) was added to 1 ml p-xylene and vortexed for 30 s. The suspensions were incubated for 20 min to allow phase separation and the OD 600 of the aqueous phase was measured. The percentage absorbance of this phase relative to the original bacterial suspension was determined.
Binding of hostasol-conjugated pDMAEMA to bacteria.
Fluorescent hostasol-conjugated pDMAEMA was assessed for its capacity to bind wild-type S. aureus Sa113, S. aureus mutant strains DdltA and DmprF and S. epidermidis 1457. Overnight cultures were washed with PBS and then adjusted to an OD 600 of 2 in BHI containing 0.05 mg hostasol-conjugated pDMAEMA ml 21 . Samples were incubated with shaking at 37 uC for 30 min, washed twice with PBS and adjusted to an OD 600 of 2. Bacterial samples (100 ml) were then placed in the wells of a 96-well microplate with five repeats per sample. The fluorescence of bound pDMAEMA was measured on a fluorescence microplate spectrophotometer using wavelengths of 488 nm (excitation) and 518 nm (emission). For flow cytometry, the bacterial suspensions (OD 600 52) were first diluted 1 : 100 in PBS. The diluted bacterial suspensions were then analysed on a CyAn ADP Flow Cytometer using Summit version 4.3 software (Beckman Coulter). At least 30 000 bacteria were analysed per sample. The excitation laser was set at 488 nm. For analysis of hostasol-conjugated pDMAEMA fluorescence, a 530/40 nm bandpass filter (FL1) was used. Results are presented as mean relative fluorescence units (RFU)±SEM.
Statistical analysis. Statistical analyses were carried out using parametric and non-parametric tests as appropriate. These included two-way analysis of variance (ANOVA), Friedman's test, KruskalWallis test and the Mann-Whitney U test, all with P¡0.05 as the level of significance. Individual differences between treatments in multiple hypothesis tests were identified using Bonferroni (ANOVA) and Dunn's (Kruskal-Wallis) post-hoc tests. Correlation analysis was carried out using Spearman's non-parametric correlation coefficient, with P,0.05 as the level of significance. Unless otherwise stated, all assays were repeated at least in triplicate on at least three separate occasions.
RESULTS

Susceptibility of S. aureus and S. epidermidis strains to pDMAEMA
Agar diffusion assays were performed to estimate the susceptibility of 11 S. aureus and 11 S. epidermidis strains. At each of the three concentrations of pDMAEMA tested, S. epidermidis was significantly more sensitive than S. aureus (Fig. 1) . Although pDMAEMA (20 mg ml 21 ) partially inhibited the growth of S. aureus, such high concentrations are not physiologically relevant (Rawlinson et al., 2010a) .
Effect of pDMAEMA on planktonic and biofilm S. aureus and S. epidermidis cultures pDMAEMA has an MIC value against planktonically grown S. epidermidis 1457 of 0.1 mg ml 21 but has no inhibitory effect against S. aureus RN4220 at concentrations up to 18 mg ml 21 (Rawlinson et al., 2010b ).
Fluorescent analysis of Alamar Blue reduction showed that pDMAEMA disrupted the 24 h growth biofilm of S. epidermidis 1457 at a concentration of 1 mg ml 21 ; however, no further decreases in viability were observed following increases in concentration from 1 to 50 mg ml 21 (Fig. 2) . Conversely, even at concentrations as high as 50 mg ml
21
, pDMAEMA had no effect on the S. aureus RN4220 biofilm (Fig. 2) .
MIC determinations of S. aureus and S. epidermidis susceptibility to pDMAEMA As seen in susceptibility assays, pDMAEMA had weak growth inhibitory effects on S. aureus strains compared with its effects on S. epidermidis strains ( Table 2) .
Role of surface charge in the susceptibility of S. aureus and S. epidermidis to cationic antimicrobial agents
The different susceptibilities of S. epidermidis and S. aureus strains to the cationic agent pDMAEMA suggested a possible role for bacterial surface charge. To investigate this, zeta potentials were measured at pH 7.5, reflecting the pH value used in antimicrobial assays. S. aureus was significantly less negatively charged than S. epidermidis at pH 7.5 (Table 2) . Although this was the case as determined by mean values across all isolates examined, some individual isolates had values similar to those of S. epidermidis strains.
Role of surface hydrophobicity in the susceptibility of S. aureus and S. epidermidis to pDMAEMA S. aureus strains were more hydrophobic than S. epidermidis strains, as determined by BATH values ( Table 2 ). The greater surface hydrophobicity of S. aureus, along with the reduced negative surface charge on these bacteria, correlated with its increased resistance to pDMAEMA (Spearman's correlation coefficient .0.90). Although the S. aureus isolates were more hydrophobic, as determined by mean values, some individual isolates had BATH values similar to those of S. epidermidis strains.
MIC values, zeta potentials and hydrophobicity of S. aureus cell-surface mutants
To investigate further the role of surface charge in S. aureus resistance to cationic antimicrobial agents, we examined the surface properties of the S. aureus DdltA and DmprF mutants. Both mutants were significantly more susceptible than the wild-type strain to pDMAEMA (Table 3) . Teichoic acids in the DdltA mutant lack D-alanine. This reduces the zwitterionic properties of the cell wall and is likely to increase the overall negative charge on the bacterial cell surface. The mprF mutation interferes with modification of phosphatidylglycerol in the cell membrane with L-lysine, which may also make the membrane more negatively charged. However, despite this, the zeta potentials were not significantly different between the wild-type and mutant strains (Table 3 ). The BATH values of the mutant bacterial strains were lower than those of the wild-type strain, consistent with their sensitivity to the antimicrobial agent. In particular, the DdltA mutant strain was significantly more hydrophilic than the wild-type strain, and was comparable in this parameter to the susceptible S. epidermidis strains ( Table 3 ). The resistance mechanism used by S. aureus in incorporating D-alanine into cell-wall teichoic acids therefore seemed to confer increased hydrophilicity on the mutant, and this correlated with increased susceptibility to the cationic antimicrobial pDMAEMA. As S. aureus strains were generally more hydrophobic and less negatively charged than S. epidermidis, pDMAEMA may be able to associate better with the cell wall of S. epidermidis and the S. aureus DdltA and DmprF mutants than with that of wild-type S. aureus. Binding of pDMAEMA was strain-dependent, with the S. aureus DdltA mutant displaying the highest affinity and accordingly the highest level of susceptibility to the polymer.
Statistically similar interactions with pDMAEMA were observed for S. epidermidis 1457 and S. aureus DmprF. The weakest binding of pDMAEMA occurred to wild-type S. aureus Sa113 (Fig. 3 and Table 4 ).
DISCUSSION
In a recent study of antimicrobial activity of pDMAEMA against Gram-positive and Gram-negative bacteria, S. In determining the mean MIC of S. aureus strains, individual strains were assigned an MIC value equal to the highest concentration of pDMAEMA used. The reproducibility of the MIC measurements was high (±1 dilution). Differences between the MIC for each strain against the mean value were identified using Friedman's test (P¡0.05). ***, P,0.001, for combined MIC comparisons (two-way ANOVA) and comparing combined BATH values (Mann-Whitney U test). *, P,0.01, for comparing combined zeta potentials of S. epidermidis versus S. aureus strains at pH 7.5 (Mann-Whitney U test).
Strain
Mean epidermidis strain 1457 was particularly sensitive (Rawlinson et al., 2010b) . In contrast to S. epidermidis, we now report that S. aureus strains are very resistant. From a study of 11 strains each of S. aureus (MRSA and MSSA strains) and S. epidermidis, the former was significantly more resistant to pDMAEMA. Due to the fact that pDMAEMA is cationic and amphiphilic, we hypothesized that surface charge and hydrophobicity may contribute to susceptibility by influencing cell interaction with the polymer. Previously, we showed that pDMAEMA is only effective against S. epidermidis when the polymer carries a positive charge, around its pK a and below (Rawlinson et al., 2010b) . Therefore, the interaction between the polymer and bacteria with a negative charge may be important. At pH 7.5, we confirmed using multiple strains that, in general, S. aureus was less negatively charged than S. epidermidis (Jones et al., 1996; Wang et al., 2004) and that it was significantly more hydrophobic (Walencka et al., 2008) . However, an important caveat is that some individual strains of S. aureus had similar zeta potentials and BATH values to those of some S. epidermidis strains, so, whilst there is a statistical basis for the overall conclusion, this does not mean that a correlation can be predicted for all individual strains. The fact that some S. aureus strains had comparable charge and hydrophobicity to S. epidermidis strains may indicate limitations in the sensitivity of the assays used in this study, as discussed below. Alternatively, resistance mechanisms independent of surface charge and hydrophobicity may be expressed by some strains. However, overall we found that reduced negative charge and increased hydrophobicity significantly influenced the resistance of S. aureus to pDMAEMA.
Importantly, fluorescently conjugated pDMAEMA bound significantly better to S. epidermidis than to S. aureus, providing visual evidence to support the differential sensitivity. In contrast, the S. aureus DdltA and DmprF mutants had a conferred susceptibility to pDMAEMA. The polymer interacted best with the S. aureus DdltA mutant, which was also the most sensitive strain. Thus, the higher MIC values exhibited by S. aureus to pDMAEMA compared with S. epidermidis seem to correlate with the higher hydrophobicity and lower negative surface charge of S. aureus.
The increased susceptibility of the S. aureus DdltA and DmprF mutants to cationic agents is consistent with other reports (Peschel et al., 1999 (Peschel et al., , 2001 Raafat et al., 2008) and indicates that a higher affinity to these strains correlates with the lower MIC values. However, the zeta potential measurements did not reveal a significantly different overall surface charge for the mutants compared with the wild-type. It is known that dltA mutants bind less negatively charged green fluorescent protein and more positively charged cytochrome c and gallidermin than the wild-type strain (Peschel et al., 1999) . This has been proposed as evidence of an increased negative charge on the mutant. The membrane lipids of the mprF mutant and wild-type S. aureus were also compared (Peschel et al., 2001) . Positively charged lysyl phosphatidylglycerol makes up around 38 % of wild-type S. aureus membrane lipids. Lysyl phosphatidylglycerol is formed by esterification of negatively charged phosphatidylglycerol, but, as it is not produced by the mutant, there should be less positively charged lipid in parts of its membrane. However, as the zeta potential measures the overall charge on the bacteria (van der Mei et al., 1988; Wilson et al., 2001) , it was perhaps not sensitive enough to detect localized surface charge changes associated with the dltA and mprF mutations. The overall bacterial charge was investigated ) binding to bacteria. *, P,0.05; **, P,0.01, compared with wild-type S. aureus Sa113 (KruskalWallis test, followed by Dunn's post-hoc tests). in order to get an overview across a large number of bacterial strains, and the results showed significant differences in charge between S. aureus and S. epidermidis strains. The fact that the procedure was not sensitive enough to determine a difference between the mutant strains and the wild-type does not negate its use in the study of bacterial charge, but it does suggest that when small modifications are made to bacterial strains, zeta potential may not be ideal to investigate small changes in surface charge.
It is also possible that the dltA and mprF mutations influence susceptibility to cationic antimicrobial agents independently of surface charge. The mutants were more hydrophilic than the wild-type S. aureus strain and this correlated with reduced MIC values for the agent against the mutants and also with the increased binding of pDMAEMA to the mutants compared with the wild-type strain. Teichoic acids in the cell wall of S. aureus increase the hydrophilicity of the bacteria, as evidenced by the decreased hydrophilicity of a tagO mutant in which cellwall teichoic acid synthesis is impaired (Kohler et al., 2009) . The increased hydrophilicity may decrease the binding of hydrophobic molecules including antimicrobial fatty acids. Our results suggest that removal of D-alanine from teichoic acids increases the hydrophilicity of the bacteria, unlike the complete removal of teichoic acids, which reduces hydrophilicity. The increased hydrophobicity caused by D-alanination of the teichoic acids may in turn affect the binding of cationic antimicrobial agents to bacteria when the agents are highly protonated and hydrophilic, around and below their pK a values.
pDMAEMA contains both hydrophobic and hydrophilic regions. The hydrophobic portions may be important in permeabilization of bacterial membranes (Nostro et al., 2009; Rawlinson et al., 2010b) . The hydrophilic portions of amphiphilic molecules are implicated in enabling diffusion of antimicrobial agents through the polysaccharide matrix of biofilms (Nostro et al., 2009) and in initial attraction of cationic agents. pDMAEMA is effective at inhibiting growth of S. epidermidis when presented in a more protonated and hydrophilic state (Rawlinson et al., 2010b) . It is likely that the initial attraction of the hydrophilic polymer to the Gram-positive bacteria is through hydrophilic regions in the bacterial cell wall. The increased hydrophobicity of S. aureus strains compared with S. epidermidis may reduce initial attraction of the antimicrobial agents to the bacteria, resulting in reduced antimicrobial activity of the cationic amphiphilic agent.
Given the importance of S. aureus and S. epidermidis in device-related infections, we also examined the activity of pDMAEMA against biofilms of both organisms. pDMAEMA disrupted a 24 h biofilm of S. epidermidis at 1 mg ml 21 but had no effect against S. aureus biofilm even at concentrations up to 50 mg ml
21
. Higher concentrations of pDMAEMA were needed to disrupt mature S. epidermidis biofilms compared with planktonic cells, which is observed with other organisms (Ceri et al., 1999) . This may reveal an important potential therapeutic application for pDMAEMA in preventing established catheter-related infections, perhaps as a component of catheter lock solutions (Shanks et al., 2006) . pDMAEMA reduces E. coli cell numbers when grafted onto silicon nanowires (Wang et al., 2011) , so biomaterial surface coatings incorporating pDMAEMA may also be useful in preventing device-related infections caused by S. epidermidis. Importantly, whilst data using a human lymphocyte cell line to test pDMAEMA as a gene delivery agent suggest that the polymer may be quite toxic to human cells (Jones et al., 2004) , recent studies using high content analysis confirmed that epithelial cells exposed to high concentrations over 72 h are far less sensitive to cell death than lymphocytes (Rawlinson et al., 2010a) . In addition, isolated rat intestinal mucosae exposed to 10 mg pDMAEMA ml 21 for 60 min showed no damaged histology in the colon and slight damage in the ileum; these are much higher concentrations than those required to reduce S. epidermidis numbers. Although more work is needed for confirmation, most evidence would suggest that S. epidermidis is far more susceptible than human mammalian tissue cells to pDMAEMA and that there should therefore be a wide safety margin.
In summary, the data suggest that the cationic antimicrobial agent pDMAEMA is more active against S. epidermidis than against S. aureus at least in part due to decreased hydrophobicity and increased negative surface charge on S. epidermidis. Significant potential was also seen for the cationic polymer in attacking established biofilms, which suggests that it may have a role as an antimicrobial coating on indwelling medical devices or in catheter lock solutions.
